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Substitute Specification - Marked-Up C<i$?9 RfiCVlfGITPFD 2 S MAY 20(|g 
HIGH-SILICON STEEL AND METHOD OF MAKING THE SAME 

ABSTRACT 

Th e pr e s e nt inv e nt i on conc e rn s a h i gh si l icon st ee l and m e thod of mak i ng th e 6a m e , which 
r e lat e s to th e f ie ld of mat e ria l making. Th e h i gh s ili con st ee l compr i s e s (by wt.)5-1 0% sil i con, 
0.007 - 1% carbon; le ss th a n 0.01% i mpurit ie s cons i sti n g of on e or mor e of Mn, P, S, Cr and 
N i ; and ba l anc e F e . Th e proc es s compr i s es th e st e ps of a dding 0.01 - 1% carbon to a high 
s il icon st ee l compr i s i ng 5% - 10% s ili con, subj e cting th e st ee l to a homog e n i zing h ea t 
tr e atm e nt in a prot e ctive atmosph e r e i. e . a solution i z i ng tr e atm e nt b e tw ee n 1200°C and th e 
t e mp e ratur e b el ow th e m e lting point of th e st ee l, and constant - t e mp ann e a l ing th e st eel to 
e l i m i nat e most of th e s e cond p ha s e in th e s ili con st eel . Th e t e nsi le duct i l i ty and workab ili ty of 
the s i l icon s t eel cou l d b e r e markab l y improv e d, as a r es u l t, i t mak es m a ss production of h i gh 
sil i con sh ee t with var i ous thickness possib le . Th e pr e s e nt i nv e nt i on i s us e fu l for produc i ng 
high sili con st ee l sh e et and contro lli ng i ts m i crostructur e , al so it could adjust f i n al c a rbon 
cont e nt to obt ai n a h i gh si l icon 6 t eel s he e t with optim al soft m a gn e t is m charact e r i stics. Th e 
carbon - cont ai ning high s i licon s t ee l s h ee t could b e ut i liz e d as a high str e ngth construct i onal 
mater i al at room and mod e rat e t e mp e ratur e i n oxid i z i ng and corro s iv e atmo s ph e r e . 

FIELD OF INVENTION 

The present invention relates to a silicon steel and method of making the sam e , same. 
More particularl y, the present invention relates to a high silicon steel and method of making 
the same, which belongs to the field of material making. 
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BACKGROUND OF THE INVENTION 

High-silicon steel, i.e. steel containing 5 to 10 wt.% silicon (Si), less than 0.01 wt.% 
impurities and balance Fe, has excellent magnetic properties. For example, steel 
containing 6.5 wt.% Si has excellent magnetic properties such as near-zero 
magnetostriction, low core loss and high permeability. Such high-silicon steel, however, 
has poor ductility, which becomes progressively worse as the w i th i ncr e asing amount of Si 
increases . This poor ductility leads to poor workability, which makes it difficult to produce 
high-silicon steel articles using conventional metal-working methods. The combination of 
poor ductility and workability makes the production of high-silicon steel sheets especially 
difficult. 

It is known that thinner high-silicon steel sheets have better soft magnetic properties. 
Thus, there is a desire to produce thin steel sheets. Aft e r s e arch i ng th e docum e nts, th e 
art i c l e of K.Okad a e t al . A K. Okada et al., "Basic Investigation I nv e st i ngat i on of CVD Method 
for Manufacturing 6.5% Si Steel sheet" (J ISIJ 1 994,80:777-784) ment i on e d that discloses 
high-silicon steel sheets containing 6.5 wt.% Si that are produced by adding silicon to 
low-silicon (3 wt.%) steel sheets using a chemical vapor deposition (CVD) technique. This 
technique, referred to hereafter as "siliconizing", is both costly and inefficient. In addition to 
the above drawbacks associated with current methods of producing high-silicon steel sheets, 
and in order to achieve desired magnetic properties, components that traditionally existed 
exist in steel must be avoided. For example, carbon is known to have a bad effect to on the 
magnetic properties of high-silicon steel. For this reason, current high-silicon-steel 
normally conta i n e d contains much less than 0.01 wt.% ef carbon. This low carbon content 

2 



is generally obtained by using high purity and costly starting materials. 



DESCRIPTION OF THE INVENTION 

A i m to the d e fic i ency of In order to overcome deficiencies associated with prior 
t e chniqu e , techniques, it is an objective of this the present invention is to provide a thin, 
high-silicon steel sheet by us i ng which uses conventional metal-working methods to solve 
the d e f i c ie ncy deficiencies mentioned above. 

This i nv e nt i on is a chi e v e d by th e fol l owing t e chn i c al so l ution: th e Accordingly, the 
present invention provides a high-silicon steel of th e inv e ntion that comprises 5-10 wt.% 
silicon, 0.007-1 wt.% carbon; less than 0.01 wt.% impurities; and balance Fe. 

The process of producing the of abov e high-silicon steel of the present invention 
involves compris e s the steps of adding 0.01-1 wt.% carbon to a high silicon steel comprising 
5 wt.%-10 wt.% silicon, and going subjecting the high-silicon steel e xamp le s through to a 
homogenization process which has a temperature range from 1200°C to just below melting 
point and a duration sufficient to substantially remove most of the secondary phases from 
the high-carbon steel. The homogenization process was is carried out in a protective 
e nvironm e nt, and conv e nt i onal environment. According to the present invention, 
conventional metal working methods can be used to produce carbon-containing high-silicon 
steel sheets of various thickness. Depending on the individual process conditions, the final 
carbon content ranged ranges from 0.04 wt.% for a sheet used useful in mechanical 
applications, to 0.007 wt.%, for an annealed sheet used useful in soft magnetic applications. 

The homogenizing process utilized by the present invention significantly improves 
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the tensile ductility and workability of a high-silicon steel over a wide temperature range, 
preferably from room temperature to about 900°C. The homogenization temperature range 
is from about 1200°C to less than the melting point. The homogenization duration is 
defined as a time sufficient to substantially remove secondary phases, such as carbides and 
ordered BBC phases, from the high-silicon steel. This homogenizing process is carried out 
in a protective environment, defined in this invention as a non-oxidizing environment (e.g., 
an inert gas, such as Ar), a de-carburizing environment (e.g. hydrogen) or in a vacuum. 

The During the course of the present invention have it has been discovered that the 
addition of substantial amounts of carbon, between 0.01 to 1 wt.% into a high-silicon steel in 
combination of the homogenization process described above, significantly improves the 
tensile ductility and workability over a wide temperature range, preferably from room 
temperature to about 900°C. Furthermore, the inclusion of carbon in the disclosed 
amounts results in a high-silicon steel that exhibits better mechanical properties. 

In addition to a high-silicon steel described above, a process has been developed 
that enables such a steel to be produced having an elevated carbon level, defined as a 
carbon level of about 0.01 to 1 wt.%, when mechanical properties are desired. Alternatively, 
by using a process according to the present invention, the carbon content can be easily 
manipulated to allow the high-silicon steel to achieve optimum soft magnetic properties. 
For example, the inventive process, which is referred to as a thermo-mechanical control 
process ("TMCP"), results in a negligible amount of carbon, defined as less than 0.01 wt.% 
in the final composition. Since the inventive process does not require the use of either 
costly starting materials or a CVD siliconizing step, large-scale economic production of 
high-silicon steel sheets of varying thickness is b e cam e possible. 
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Convontiona l According to the present invention, metal working methods can be used 
to produce carbon-containing high-silicon steel sheets of various thicknesses, th i ckn e ss. 
I n c e rta i n e mbodim e nts, For example, steel sheets have been are produced that are less 
than 0.5 mm, e.g. having thicknesses the thickn e ss of th e sh e et is of 0.5mm, 0.35mm and 
0.1mm. r es p e ctiv el y. A contro l l e d Controlled microstructures for such sheets would have 
substantially uniform grains approximating to the thickness of the sheet, e.g., on the order of 
0.5mm, 0.35mm and 0.1mm, respectively. 

Sa i d conv e nt i ona l The metal working methods that can be used to produce 
carbon-containing high-silicon steel sheets according to the present invention include 
compr ise at least one of the following steps: (1) continuous casting and continuous hot 
rolling with rolling temperature between 600°C and 1000°C, ingot casting is continuous 
hot-rolled at temperature between 600°C and 1000°C; (2) combinations comb i nat i on of 
hot-rolling and cold-rolling (room temperature up to 500°C) to produce thin sheets; (3) 
combinations comb i nation of hot-rolling of a single sheet and hot-rolling of double or multiple 
sheets to produce thin sheets. 

The process of the invention is unique in the fact that high-silicon steel is initially 
produced with an elevated carbon content, which increases workability, and thus facilitates 
the production of thin steel sheets, then a thermo-mechanical control process is used to 
produce a high-silicon steel with a controlled microstructure. A controlled microstructure is 
defined as a uniform grain size, which size is typically equivalent to the thickness of the 
sheet. Concurrent to producing a controlled microstructure, the TMCP process further 
enables the final carbon content to be tailored in such a way that the soft magnetic 
properties of the sheets are optimized. Typically, the final carbon content is controlled to be 
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as low as possible. For example, to optimize soft magnetic properties, a carbon-containing 
high-silicon steel produced by a prev i ous l y d e scr i b e d m e thod according to the present 
invention undergoes a suitable heat treatment step to reduce the carbon content and tailor 
the microstructure. Such a heat treatment step includes an annealing step at 800 to 
1250°C in a protective environment defined as a non-oxidizing environment (e.g., an inert 
gas, such as Ar), a de-carburizing environment (e.g. hydrogen) or a vacuum. Depending 
on the desired final properties, e.g., either optimum mechanical or magnetic properties, the 
protective environment can change. 

In addition to soft magnetic properties, the carbon containing high-silicon steel 
produced according to the present invention has excellent mechanical properties. For 
example, it has a high yield strength from room temperature to 600°C. The steel also has 
excellent ductility over a wide temperature range. Therefore, it not only can be easily 
hot-rolled and cold-rolled, but the amount of allowable deformation in each step is 
sufficiently large to suit a wide range of existing rolling facilities. Thus, current metal 
working plants do not have to be re-tooled to perform this process. 

For purpose of this invention, hot-rolling is defined as rolling at temperature from 
about 600°C to about 1000°C, and cold-rolling is defined as room temperature up to about 
500°C. The carbon containing high-silicon steel according to the present invention also 
has an excellent oxidation resistance at up to 500°^ high t e mp e ratur e . Oxidation 
resistance is defined as the weight loss of the materials when exposed to a certain 
temperature, oxidizing environment. 

One According to one embodiment of the present invention provides is a high-silicon 
steel containing about 0.007 to about 1 wt.% carbon. A high silicon steel is defined as a 
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steel containing from about 5 to 1 0 wt.% silicon. The present invention is also directed to a 
method of making a high-silicon steel with a controlled microstructure and carbon content to 
achieve optimum soft magnetic properties. For example, conventional melting techniques, 
such as induction melting, can used to produce a high-silicon steel according to the present 
invention. After using a conventional process, a thermo-mechanical control process can 
reduce the carbon content to a negligible amount. As a result, the use of high purity starting 
materials that are substantially free of carbon is not necessary in order to obtain a 
high-silicon steel sheets for magnetic applications. Thus, the cost associated with 
producing high-silicon steel sheets for magnetic application can be reduced. 

The silicon steel of the present invention has an elongation of at least 10% at room 
temperature, an elongat i on of greater than 20% from 200°C to 800°C, and greater than 
1 00% at or above 800°C. 800°C, The silicon steel of the present invention has a strength 
of about 600MPa from room temperature to about 500°C, and an oxidation rate of 0.01 g/m 2 
at 500°C after 50 hours of air exposure. The silicon steel e xhib i ting of the present invention 
exhibits the following magnetic properties: a maximum permeability of 46,000pm, a core 
loss at different frequency ranges, of Wi 0 /5o=0.49w/kg, Wi 0 /4oo=10.56w/kg, W5/i K =11w/kg, 
Wi/5K=8.71w/kg, W 0 .5/io=6.5w/kg. 

The present invention improves the tensile ductility and workability of the silicon steel 
remarkably, so large-scale economic production of high-silicon steel sheets of varying 
thickness made possible. The thermo-mechanical control process can not only be used to 
produce a silicon steel with a controlled microstructure, but it also e nabl e enables the final 
carbon content to be tailored in such a way that the soft magnetic properties of the sheets 
are optimized. Therefore the carbon-containing high-silicon steel of the present invention 
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can be used as a high-strength structural material in an oxidizing and corrosive 
environments o nvironm o nt at both ambient and moderately high temperatures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.1 is a plot of tensile ductility, yield strength and tensile strength as a function of 
temperature for carbon containing steel hot-rolled at 700°C and annealed at 750°C for 140 
minutes; and 

Fig.2 is a plot of tensile ductility, yield strength and tensile strength as a function of 
temperature for carbon containing steel hot-rolled at 1000°C. 

EXAMPLES 

The following examples in conjunction with Fig. 1 and Fig. 2 ar e int e nd e d to illustrate certain 
aspects of the invention, but should not be taken as limiting the scope of the invention. 

A carbon containing high-silicon steel was produced that contained cont ai n i ng the 
following composition: 5-10 wt.% Si, 0.007-1 wt.% carbon, less than 0.01% impurities 
consisting of Mn, P, S, Cr and Ni, balance iron. All high-silicon steel examples made from 
the carbon containing high-silicon steel went through a homogenization process that has 
had a temperature range from 1200°C to just below melting poin t. The and a duration of 
the homogenization process was sufficient to substantially remove most of the secondary 
phases from the high-carbon steel. The homogenization process was carried out in a 
protective environment. Depending on the individual process conditions, the final carbon 
content ranged from 0.04 wt.% for a sheet used in mechanical applications, to 0.007 wt.%, 
for an annealed sheet used in soft magnetic applications. 

8 



As shown below, the resulting high-silicon steel exhibited an excellent combination of 
mechanical^ oxidation resistance and corrosion resistance properties. Furthermore, 
depending on variations conventional metal working processes, one or more of these 
properties can be changed. 

Example 1 

In this example a A carbon containing high-silicon steel was produced that had 
containing the following composition: 5 wt.% Si, 1 wt.% carbon, less than 0.01% impurities 
consisting of one or more of Mn, P, S, Cr and Ni, balance iron. The A sample of this carbon 
containing high-silicon steel having gone through the above-stated homogenization process 
was hot-rolled at 700°C and then annealed at 750°C for 140 minutes. The mechanical 
properties associated with this e mbod i ment example are shown in Fig. Figur e 1 . As can be 
seen in Fig. 1. from thi s figur e , the tensile ductility is over 20%, from about 200 to A00°C. 
400°C and Th e t e ns ile ducti l ity increases to over 40% from 500 to 600°C and to is over 
200% at about 800°C. While not shown in Fig. 1. th e figur e , the tensile ductility is over 1 0% 
at room temperature. The yield strength of this sample is about 600MPa at 200 to 500°C. 

Example 2 

In this example a A carbon containing high-silicon steel was produced that had 
contain i ng the following composition: 6.5 wt.% Si, 0.007 wt.% carbon, less than 0.01% 
impurities consisting of one or more of Mn, P, S, Cr and Ni, balance iron. The A sample of 
this carbon containing hiqh-silicone steel was hot-rolled at 1000°CX and th e The 
mechanical properties associated with this e mbod i m e nt example are shown in Fig. 2. 
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F i gur e 2. As seen in Fig. 2, the The tensile ductility is over 1 5% at 200°C and increases to 
over 60% at 500°C. The yield strength is 700MPa at 200 to 400°C and 550MPa at 500°C. 

Example 3 

To order to show the workability properties associated with the carbon containing 
high-silicone steel of the present invention, compos i tion, a sample of the carbon-containing 
high-silicon steel samp le h a ving a st a rt i ng compos i tion and homogenized according to 
Example 1 was r e adi l y hot-rolled through multiple steps ifrte to produce sheets having 
thicknesses as thin as 0.35mm. The rolling temperature was between 600°C and 1000°C 
to take advantage of the superplasticity in that temperature range. The thickness of 
carbon-containing high-silicon steel sheets was further reduced through cold-rolling at 
temperatures above 200°C. If desired, the carbon content of this steel could be minimized 
by an appropriate annealing step. Such a step would be performed if optimum soft 
magnetic properties were desired. 

Example 4 

In order to To show the soft magnetic properties associated with the carbon 
containing high-silicone steel of the present compos i tion, a invention, a sample of 
carbon-containing high-silicon steel w i th a compos i t i on and homogenized according to 
Example 1 was made into a sheet of approximately 20mm thick. This starting sheet was 
subsequently hot-rolled at 1000°C. After multiple rolling steps, the last of which was 
performed at approximately 600°C, a high-silicon steel of approximately 0.35mm was 
formed. The sheet was then annealed for 2.5 hours at 1130°C in a hydrogen atmosphere. 
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At this annealing time and temperature ann e al t i m e , it is anticipated to be able to obtain the 
steel of minimal carbon content, and produce the following soft magnetic properties: 
maximum permeability of 46,000pm, a core loss at different magnetic field/frequency (Gs/Hz) 
ranges, of W 10 / 5 o=0.49w/kg, W 10 /4oo=10.56w/kg, Ws/ik=11 .5w/kg, W 1/5 K=8.71w/kg, 
W 10 /4oo=6.5w/kg. Since the inventive process does not require the use of either costly 
starting materials or a CVD siliconizing step, large-scale economic production of high-silicon 
steel sheets of varying thickness made possible. 

Example 5 

According to this example, a A carbon containing high-silicon steel was produced that 
had contain i ng the following composition: 1 0 wt.% Si, 0.4965 wt.% carbon, less than 0.01 % 
impurities consisting of one or more of Mn, P, S, Cr and Ni, balance iron. The A sample of 
this carbon containing high-silicon steel was hot-rolled at 1000°C . The resulting and th e 
silicon steel e xh i b i ting exhibited the following mechanical properties: The tensile ductility is 
over 15% at 200°C and increases to over 60% at 500°C. The yield strength is 800MPa at 
200 to 400°C and 650MPa at 500°C. 
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ABSTRACT 



Th e pr e s e nt i nv e ntion conc e rns a high s i licon st ee l and m e thod of mak i ng th e sam e , 
which r e lates to th e fi e ld of mat e r i a l making. The A high silicon steel that comprises (by wt.) 
5-10% silicon, 0.007-1% carbon; less than 0.01% impurities consisting of one or more of Mn, 
P, S, Cr and Ni; and balance Fe. The A process for producing the high silicon steel involves 
compr i s e s the steps of adding 0.01-1% carbon to a high silicon steel comprising 5%-10% 
silicon, subjecting the steel to a homogenizing heat treatment in a protective atmosphere i.e. 
a solutionizing treatment between 1200°C and the at a temperature below the melting point 
of the steel, ao4 so that the constant-temp annealing of the steel to el imin a te eliminates 
most of the second phase in the silicon steel. The tensile ductility and workability of the 
silicon steel cou l d b e remark a b l y i mproved, as a r e su l t, it m a k e s is improved so as to allow 
for mass production of high silicon sh ee t sheets with various thicknesses, th i ckn e ss 
poss i b le . The pr e s e nt i nv e ntion is us e fu l for produc i ng process produces high silicon steel 
sheets in which the microstructure is controlled. In addition, s h ee t and contro l l i ng it s 
micro6tructur e , a l so i t could a djust final carbon content can be controlled to obtain a high 
silicon steel sheet sheets with optimal soft magnetism characteristics. The 
carbon-containing high silicon steel sh ee t cou l d sheets can be utilized as a high strength 
constructional material at room and moderate temperatures t e mp e r a tur e in oxidizing and 
corrosive environments, atmo s ph e r e . 
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